Rock joints exert an enormous influence on the permeability of a rock mass because they act as interconnecting networks that provide pathways for fluids to permeate and flow within the rock structure. The apertures in rock joints are irregular in nature and induce flows that cannot be described by the parallel-plate theory based on planar joints or the classical cubic flow relationships. In this study, a two-dimensional (2D) hydraulic aperture distribution was considered to develop a mathematical model for fracture flow. In this approach, the three-dimensional Navier-Stokes equation was integrated over the joint aperture and converted to an equivalent 2D flow model. The proposed model was then solved numerically by adopting a well-known algorithm for coupling the pressure and velocity and implementing it in a computer program. The selected program is capable of predicting the deformation of the joint apertures on normal loading, the resulting flow patterns, and the volumetric flow rates associated with permeability tests conducted using a high-pressure triaxial apparatus that was designed and built at the University of Wollongong. The model output for different conditions of confining stresses and hydraulic gradients was computed, and a good agreement with the experimental results was observed. Rock joints exert an enormous influence on the permeability of a rock mass because 6 they act as interconnecting networks that provide pathways for fluids to permeate and flow 7 within its structure. The apertures in rock joints are irregular in nature and induce flows that 
Introduction

25
The permeability of jointed rock mass plays a major role in many industrial activities 26 such as underground mining, petroleum extraction, ground water extraction, geothermal 27 reservoirs, and underground nuclear repositories. The flow through a real rock fracture is a 28 complex phenomenon due to the irregularity and alteration of its flow domain. The fracture 29 aperture is spatially irregular and, according to the surrounding stress environment, its 30 distribution can be changed. Investigations into the permeability of rock fractures began with 31 the simplified assumption that two parallel plates would represent a planar joint (Lomize 32 1951; Baker 1955) . This led to the development of the cubic formula shown in Eqn. (1) 36 where, Q is the flow rate, e is the fracture aperture, w is the fracture width, μ is the dynamic 37 viscosity, and dP/dx is the total pressure gradient. When the flow through fractures is 38 assumed to be Darcian, the intrinsic permeability coefficient of the rock fracture can be taken 39 as e 2 /12 (Snow 1968 ). Subsequently, researchers such as Iwai (1976) and Gangi (1978) 40 modified this coefficient of fracture permeability to account for the fracture irregularity and 41 contacts, as well as the pressure distribution. For practical applications, flow through 42 fractures has to be considered in rock fracture networks and the cubic formula, due to its 43 simplicity, is often used for this purpose. When the rock matrix porosity is high so that its 44 permeability is significant, dual porosity models have been developed for permeability 45 calculations of fractured rock strata (Choi et al. 1997 numerically the permeability variations due to the presence of contacts in different shapes 57 and quantities, and quantified the effective permeability of a fracture with contact areas. 58 Ranjith and Viete (2011) discussed the applicability of the cubic law for non-Darcian flows 59 and suggested the cubic law is still applicable for flows with a Forcheimer number less than Two-dimensional flow models 63 The effect of an irregular aperture distribution can be studied via two-dimensional 64 (2D) flow models ( Fig. 1) . First, the flow domain can be viewed from a side parallel to the 65 flow direction (Koyama 2007; Zimmerman and Yeo 2013 In contrast to 2D models where the fracture is viewed from a side, Bear (1993) 96 modelled the flow in a non-deforming fracture through the plan view by integrating the three-97 dimensional Navier-Stokes equation in the direction of the aperture height. Kishida et al. 7 (2013) followed the same method and developed a 2D model for non-deforming rock fracture 99 walls, and this model was solved numerically using the highly simplified marker and cell 100 (HSMAC) method.
101
The main objective of the current study is the prediction of flow rates with changes in 
where V is the velocity vector, ρ is the fluid density, p is the fluid pressure, g is the acceleration due 115 to gravity, T is the stress tensor given by ]
and μ is the dynamic viscosity of the fluid . Assuming the fluid is a homogeneous and Newtonian 117 incompressible liquid, Eqn. (2) can be expressed as follows (Bear 1993 
Bear (1993) modelled water flow through a non-deformable clean rock fracture by 
Integration of this expression by parts using the Leibnitz integral theorem (Appendix A), 127 leads to: given by Eqn. (7) as follows:
Integrating Eqn. (7) in the same manner as before gives the depth-averaged continuity 137 equation for an incompressible fluid in two dimensions as:
139
Deformation Criteria
140
The fracture aperture deformation D n is controlled by the mechanical deformation of 141 the joint. According to Kulhawy (1975) and Bandis et al. (1983) , the deformation of the joint 142 and the effective normal stress have a hyperbolic relationship which is given by Eqn. (9): 
The relations for the gravity and pressure were solved explicitly, together with the 
The general practice of SIMPLE is to omit the neighbour cell velocity corrections in 
where, Rock specimen of 54mm diameter with a sub-axial tension crack was used for the tests. The 271 specimen was enclosed in a polyurethane membrane and two cantilever arms were used to 272 measure the deformations of the fracture (Fig. 5) . The confining pressure was applied using The fracture aperture wall surface profiles were scanned by a non-contact 3D laser 282 scanner before and after the test. The initial aperture distribution was measured using a 283 silicon rubber solution. The solution was inserted into the fracture, without any pressure 284 being applied to the fracture, and then allowed to set. Once set, the top half of the test 285 specimen was carefully removed and the silicon rubber surface was scanned (Fig. 7) . The 
The second term of the Eqn. (4) may be integrated using the same method. Assuming no-slip 471 boundary conditions at the walls and using Eqn. (A3), where Ṽ is the difference between the 472 velocity and the depth-averaged velocity, leads to
The last term of the above equation is the dispersive momentum flux and can be neglected 475 according to Bear (1993) . Integrating the fifth term of the Eqn. (4) assuming the same 476 conditions furnishes 
